Urothelial transformation into functional glandular tissue in situ by instructive mesenchymal induction. It is generally believed that adult tissue is terminally differentiated. The ureter is derived from the metanephric divcrticulum which, along with the derivatives of the metanephric mesoderm, forms the kidney. In our experiments, the left ureters of adult male athymic mouse hosts were severed below the kidney, and mesenchyme from neonatal rat seminal vesicles (SVM) was grafted to the cut end of the ureter, thus bringing adult mouse ureter epithelium (URE) in contact with neonatal rat SVM. After four to eight weeks, the in situ tissue recombinants were harvested, and the epithelial secretory proteins recovered. In 5 of 11 cases, an induction occurred, resulting in an in Situ transformation of the non-glandular transitional epithelium of the adult mouse ureter into the simple columnar epithelium of the seminal vesicle (SV). Functional cytodifferentiation was examined in these neonatal rat SVM + adult mouse URE tissue recombinants using antibodies against SV-specific secretory (SVS) proteins of the mouse and rat. From the cut end of the ureter, the adult URE was induced to undergo SV morphogenesis, to express SV cytodifferentiation, and to produce the complete spectrum of major SVS proteins characteristic of the mouse. The induced seminal vesicle epithelium (SVE) also expressed androgcn receptors (AR) which are not seen in urothelial tissue. Staining with Hoechst dye 33258, which can distinguish cells of mouse and rat origin, further demonstrated that the induced SVE was indeed of mouse origin and not a contaminant of the inducing rat SVM. In addition, neonatal mouse vaginal mesenchyme was grafted in situ beneath the bladder mucosa of adult male mice, and the host animals were killed after three months. The vaginal mesenchyme implanted into the bladders induced prostate-like acini, indicating that the above reprogramming of adult organs in situ is not an isolated occurrence. These results set a precedent for the "recreation" of new vital organs, such as the kidney, in situ by demonstrating that adult epithehal cells retain a developmental plasticity equivalent to their undifferentiated fetal counterparts and are capable of being reprogrammed in Situ to express a completely new morphological, biochemical, and functional phenotype.
eluding: simple epithelial ducts and tubules; branched ductal networks; planar epithelial surfaces; as well as many highly unique epithelial patterns such as that found in teeth, feathers, and sense organs [8] [9] [10] . Evidence suggests that during these morphogenetic processes, epithelial proliferation is regulated by the mesenchyme [11] [12] [13] [14] . Mesenchyme-induced epithelial development culminates in the emergence of specific types of epithelial cytodifferentiation and the expression of tissue-specific macromolecules [15] [16] [17] [18] .
Mesenchymal-epithelial tissue recombinants can be made in which the mesenchyme induces the epithelium in a permissive or instructive manner. Tissue interactions characterized as permissive inductions are those in which mesenchyme permits the epithelium to express its normal developmental fate. Instructive inductions are those in which mesenchyme induces an epithelium to express an entirely new developmental fate specified by the mesenchyme.
In instructive inductions, the epithelium is not irreversibly committed and, therefore, it retains the ability to respond to a heterologous mesenchymal inductor. For example, in the presence of androgens, urogenital sinus mesenchyme can elicit prostatic development in epithelia of the female urogenital sinus, postnatal vagina, and fetal or postnatal bladder [19] [20] [21] [22] [23] . It should be noted that all these epithelia are derived in total or part from the embryonic urogenital sinus [24] . The epithelial duets induced by the urogenital sinus mesenchyme expressed histological, ultrastructural, and functional features indicative of prostate: androgen receptors; prostate-specific antigens; androgen dependency for DNA synthesis; and prostatic secretory proteins [23, [25] [26] [27] [28] . None of these changes occurred if the epithelium was grown by itself [6, 23] . Both instructive and permissive inductions by urogenital mesenchyme appear to be mediated by similar, if not identical, signals in a variety of mammalian species, as heterospecific prostatic inductions have been observed in tissue recombinants constructed of mixtures of mouse, rat, rabbit, and human tissues [29] .
The adult counterpart of embryonic mesenchyme is stroma, which constitutes the non-epithelial component of an organ. The predominant cells of the stroma are fibroblasts and smooth muscle. The role of stromal-epithelial interactions has received considerably less attention than that of mesenchymal-epithelial interactions, probably due to the fact that adult epithelial cells are believed to be irreversibly determined and terminally differentiated [30, 31] . Nonetheless, there is evidence that supports the idea Many examples of developmental plasticity in adulthood involve the stromal induction of regional variation in epidermal differentiation [32-341. These findings, however, are best characterized as stromal-induced modulations of epidermal differentiation since minor changes in epidermal thickness and patterns of keratinization are encompassed within the basic stratified squamous epidermal phenotype. In other experimental models, mesenchymal or stromal cells have elicited changes in the morphology, differentiation, or growth of adult epithelial cells [23, 35, 36] . The profound changes elicited by urogenital sinus mesenchyme in the epithelium of the adult urinary bladder provides one of the most striking examples of a mesenchyme-induced alteration in adult epithelial differentiation. As noted above, in this model embryonic urogenital sinus mesenchyme induced the epithelial cells of the adult urinary bladder to undergo prostatic differentiation. This resulted in formation of a simple columnar secretory epithelium, morphogenesis of a branched ductal network, marked stimulation in epithelial proliferation, and expression of several prostate-specific markers [18, 23, 28] .
Is such a profound developmental reprogramming as represented by this last example more widely applicable to other adult epithelia? A closely related mesenchyme, seminal vesicle mesenchyme, has been shown to be able to induce seminal vesicle differentiation from adult epithelial derivatives of the Woiffian duct. Significantly, the induced epithelial cells from tissue recombinants prepared in vitro expressed the full complement of seminal vesicle secretory proteins [37] . This report considers whether an induction can be achieved in situ by direct implantation of SVM into suitably prepared sites of adult animals. Since the embryonic Wolifian ducts normally give rise to the epithelia of the epididymis, seminal vesicle, ureter, and ductus deferens, this system provides an excellent model in which the morphological and functional aspects of the reprogramming of adult epithelia can be studied in situ. This report demonstrates for the first time that new functional organs can be created in Situ by mesenchymal induction of adult epithelial cells.
Methods

Animals
Neonatal Sprague-Dawley rats and adult athymic mice were obtained from Simonsen (Gilroy, CA, USA). C57BL/6J mice were obtained from Jackson Labs. Neonatal male rats and female mice were used within 24 hours of birth (day 0). All animals received water and laboratory chow ad libitum and were housed under standard laboratory conditions.
Materials
The polyclonal rabbit antibodies (IgG fraction) monospecific for the androgen-dependent proteins (proteins I-V) of rat SVS proteins have been described before [38] . The antibody to mouse SVS proteins has been described [39] . Higgins and co-workers have described all the immunocytochemical reagents and their sources [16, 39] .
Preparation of tissue recombinants
Seminal vesicles were excised from 0-day-old neonatal rats. Vaginas were excised from 0-day-old neonatal mice. Mesen- Following overnight culture of the rat SVM on a 1% agar substrate, the mesenchyme rounded up into a cohesive mass of tissue which was transplanted into adult male athymic mouse hosts anesthetized with Avertin (tertiary amyl alcohol plus tribromoethanol). The transplant site for the SVM was the severed proximal end of the ureter of the adult male athymic mouse host. The grafted SVM was fixed in place by a thin platinum wire which acted as a staple, holding the neonatal rat SVM in contact with the adult mouse ureter.
The transplant site for the mouse vaginal mesenchyme was the bladder of the adult male C57BL/6J mouse. Bladders were exteriorized through a small, midventral incision in the body wall. The bladder mucosa was exposed by an oblique incision in the muscular wall of the bladder. The vaginal mesenchyme was then inserted into the incision such that the neonatal mouse mesenchyme was in close proximity to the adult mouse bladder epithehum.
Recovery and processing of tissue recombinants
Hosts were killed 4 to 12 weeks after grafting. The grafts were isolated by dissection. Secretions were recovered from the lumina of the recombinants, solubilized in SDS, and stored as described [39] . The remaining tissue was fixed by immersion overnight in 4% paraformaldehyde, embedded in paraffin, sectioned at 5 m, and air-dried onto poly-L-lysine-coated slides [39] .
Immunocytochemistiy
Antibodies against mouse SVS proteins and rat SVS protein IV were used for immunocytochemistry. The antibodies against mouse SVS proteins react with mouse but not rat SVS proteins, while antibodies against rat SVS protein IV reacts with rat but not mouse SVS proteins. The immunocytochemical methodology has been described in detail earlier [39, 41] . Briefly, deparaffinized tissue sections were incubated successively with the primary antisera, biotinylated donkey anti-rabbit IgG, PBS-Tween, and the Vectastain peroxidase ABC reagent (Vectastain kit, Vector Laboratories). The colored reaction product is then developed using diaminobenzidine and H202 as described [42] . 
Polyactylamide gel electrophoresis
Protein samples prepared in PBS-SDS were analyzed by electrophoresis in polyacrylamide (10 to 20% linear gradient) slab gels using a discontinuous buffer system [43] with 0.1% SDS throughout [44] . Proteins (20 to 50 g per lane) resolved by this method (SDS-PAGE) were visualized by staining for one hour in 0.1% Coomassie blue in acetic acid:methanol:H20 (1:3:6 by vol) followed by prolonged destaining in the same solution without the dye.
Androgen receptors
The PG2I antibody, generously provided by Gail Prins, was used to detect androgen receptors in frozen tissue sections as described previously [411. The tissue sections were then stained using the Biotin/Avidin system (Vectastain kit, Vector Laboratories).
Results
Left ureters of anesthetized adult male athymic mouse hosts were severed below the kidney and neonatal rat SVM was grafted to the cut end of the ureters, thus bringing adult mouse URE in contact with neonatal rat SVM (Fig. 1) . The mesenchyme was held in place with a thin platinum wire. The hosts were killed four to eight weeks after grafting, and the in situ tissue recombinants were harvested and the secretions recovered. In 5 of 11 tissue recombinants, an instructive induction occurred, resulting in the in situ transformation of the adult non-glandular mouse urothehum into mouse SV tissue (Fig. 2) . The failure of induction to occur in 6 of the 11 cases is attributed to the detachment of the neonatal rat SVM from the graft site as the platinum wire was found some distance from the ureter when the hosts were sacrificed. This detachment of the rat SVM from the graft site is not unexpected as the surgery was very difficult given the small sizes of the tissues involved.
The tissue recombinants composed of neonatal rat SVM and 60-day-old (adult) nude mouse URE formed histologically recognizable SV tissue (Figs. 3 A, B) . A higher magnification view shows the area where the transitional epithelium, found in the ureter, changes to simple columnar epithelium characteristic of the SV (Fig. 3A inset) . Immunocytochemistry was performed with species-specific antibodies which showed that the induced SVE expressed mouse (not rat) SVS proteins (Figs. 4 A, B) . The presence of mouse SVS proteins in the induced glandular tissue was confirmed by polyacrylamide-gel electrophoresis (SDS-PAGE; Fig. 5, lanes 4, 5) . Particularly evident in the secretions obtained from the induced glandular tissue were the low molecular weight triplet and protein #3 at about 27 kD which are characteristic of mouse SV secretions. The two higher molecular weight proteins running at 30 and 66 kD were also present, but at lower levels. In addition, a control was performed in which neonatal rat SV (both epithelium and mesenchyme) was grafted to the adult mouse ureter. In this case the secretions obtained were characteristic of rat (not mouse) SV (Fig. 5, lane 6) . Further evidence regarding the instructively induced glandular tissue in rat SVM + mouse URE tissue recombinants was obtained by nuclear staining with Hoechst dye 33258 [45] . Mouse nuclei stained with this dye display many intensely fluorescent spots, whereas rat nuclei stain homogeneously. Use of this dye on rat SVM + mouse URE recombinants indicated that the induced SV tissue was mouse in origin ( Fig. 6 and inset) . One feature of SVE not shared with URE is the expression of androgen receptors (AR). Neither epithelial nor stromal cells of the ureter exhibit AR. By contrast, AR are a prominent feature in both the epithelium and stroma of the SV. When adult URE was induced by SVM to differentiate into SV tissue, the induced epithelium expressed nuclear staining with the PG21 antibody to the AR (Figs. 7 A, B) .
As controls, rat bladder mesenchyme was transplanted to the severed ends of the ureters of adult male athymic mice as described above. In these tissue recombinants, the urothelial phenotype was maintained and no SVS proteins were detected (not shown). In addition, neonatal mouse vaginal mesenchyme was grafted beneath bladder mucosa of adult male mice, and the host animals were killed three months later. Such vaginal mesenchyme has been shown to be able to induce prostatic development when experimental tissue recombinants are grown in male hosts [22] . The vaginal mesenchyme implanted into the bladders induced prostate-like acini (Fig. 8) , indicating that the above reprogramming of adult organs (mouse URE by rat SVM) in situ is not an isolated occurrence.
Discussion
Mesenchyme-induced changes in adult epithelial differentiation described herein were examined from several standpoints: gross morphological organization; epithelial cytodifferentiation; and expression of AR and tissue-specific secretory proteins. The glandular tissue induced by rat SVM in adult mouse URE in situ demonstrated a radical change in epithelial cytodifferentiation. The original transitional phenotype characteristic of a urothelium, which lacked AR [27] , was transformed to a simple columnar secretory epithelium, which expressed both AR and SVS proteins. It is likely that the expression of AR preceded, and is a prerequisite for, the production of SVS proteins as demonstrated previously [37] . In the normal course of SV development, epithehal AR appear two to three days postpartum [46, 47] , whereas SVS protein synthesis begins after day 10 [48] .
The experimental data in this paper show that adult URE can be induced in situ by neonatal SVM to undergo SV differentiation and to express the full complement of secretory proteins characteristic of the SV. There are two possible interpretations of these findings. The induction of fully functional SV epithelium from adult URE may indicate that determined fully differentiated adult epithehial cells first dedifferentiated and then were reprogrammed to express the SV phenotype. Alternatively, the adult URE may contain undetermined and undifferentiated mesodermally-derived epithelial stem cells that were the source of the induced SV tissue. Such uncommitted embryonic-like cells should be present in adult epithelia in exceedingly small numbers so that SV differentiation would likely to be induced focally by SVM in scattered sites throughout the adult epithehia. This is not supported by preliminary time-course studies using neonatal SVM + adult URE tissue recombinants grown in vitro for 6, 9, and 12 days, which have shown that the conversion of URE (originally organized as a simple tubular structure) into the complex folded and branched SV mucosa occurred globally throughout the neonatal SVM + adult URE tissue recombinants. Thus, the alternate mechanism, dedifferentiation and subsequent reprogramming, is favored at this time. mesenchyme in situ, In essence, an animal was created with three seminal vesicles. This, obviously, has many clinical implications. For instance, as a result of our work the precedent has been set, utilizing instructive induction, for the creation of new organs that may assume function following organ failure. Given the embryological literature on mesenchymal-epithelial interactions in development of the lung, pancreas, liver, and kidney [49] , attention can now be directed to the possibility of in situ inductions of organs critical for patient survival, The idea of "recreating" vital organs is still at a formative stage and requires surmounting such formidable obstacles as vascularization and nerve regeneration. However, if a kidney could be induced by transplanting human metanephric mesoderm to the patient's own ureter, the urinary outflow tract would already be in an anatomically correct sequence. A potential difficulty of this approach would be obtaining competent human metanephric mesoderm which is found during a narrow time period around embryonic day 32 [1] .
